Current methods for predicting graft recovery after kidney transplantation are not reliable. We performed a prospective, multicenter, observational cohort study of deceased-donor kidney transplant patients to evaluate urinary neutrophil gelatinase-associated lipocalin (NGAL), IL-18, and kidney injury molecule-1 (KIM-1) as biomarkers for predicting dialysis within 1 wk of transplant and subsequent graft recovery. We collected serial urine samples for 3 d after transplant and analyzed levels of these putative biomarkers. We classified graft recovery as delayed graft function (DGF), slow graft function (SGF), or immediate graft function (IGF). Of the 91 patients in the cohort, 34 had DGF, 33 had SGF, and 24 had IGF. Median NGAL and IL-18 levels, but not KIM-1 levels, were statistically different among these three groups at all time points. ROC curve analysis suggested that the abilities of NGAL or IL-18 to predict dialysis within 1 wk were moderately accurate when measured on the first postoperative day, whereas the fall in serum creatinine (Scr) was not predictive. In multivariate analysis, elevated levels of NGAL or IL-18 predicted the need for dialysis after adjusting for recipient and donor age, cold ischemia time, urine output, and Scr. NGAL and IL-18 quantiles also predicted graft recovery up to 3 mo later. In summary, urinary NGAL and IL-18 are early, noninvasive, accurate predictors of both the need for dialysis within the first week of kidney transplantation and 3-mo recovery of graft function.
fusion injury (IRI) from allograft procurement, occurs infrequently in living-donor kidney transplants (LDKTs).The role of IRI in graft survival was first highlighted by Terasaki et al., 6 who showed that graft survival was better in LDKTs than DDKTs, regardless of antigen mismatches. Moreover, they showed six-antigen mismatched grafts that functioned on day 1 had better 3-yr survival than perfectly matched grafts with delayed function. Investigators have actively sought preventative/therapeutic techniques aimed at reducing IRI and the need for post-transplant dialysis; however, apart from using hypothermic machine allograft perfusion and minimizing cold ischemia time, 7 results have been disappointing.
The deleterious effects of DGF in the immediate post-transplant period include increased lengths of stay and total hospital costs primarily because of the need for dialysis. 8, 9 We examined the long-term role that DGF plays in patient and graft survival in a recent meta-analysis and showed more than 40% increased risk of graft loss at 1 yr with DGF. 10 Even in patients not dialyzed after transplant, studies have shown poorer long-term outcomes with "slow graft function (SGF)" compared with "immediate graft function (IGF)." 3, 11, 12 Although most studies agree that DGF is associated with poorer outcomes, multiple DGF definitions are used. [13] [14] [15] [16] [17] Current means of diagnosing DGF or SGF, using Scr and urine output (UOP), require knowledge of previous values to interpret, are affected by diuretic use, and can take a number of days to confirm. 18 As in other forms of acute kidney injury (AKI) caused by IRI, this lag in diagnosis has greatly hampered efforts to prevent or treat renal injury in human trials. 19 Additionally, with the exception of IGF, it is often impossible to predict recovery. Noninvasive measurement of accurate biomarkers near injury onset could make postoperative course prediction feasible and may ultimately promote advances in kidney transplantation and ischemic AKI.
Ongoing studies of kidney IRI mechanisms have identified many potential biomarkers. Multiple translational studies have subsequently evaluated over 21 serum and urine biomarkers. 20 Three of the most intensely studied include neutrophil gelatinaseassociated lipocalin (NGAL), IL-18, and kidney injury molecule-1 (KIM-1). Transplantation involves organ ischemia with eventual reperfusion. This makes DDKT a reliable model to evaluate the role of biomarkers in detecting IRI leading to DGF of variable severity/duration. We therefore conducted a multicenter, prospective-cohort study of patients receiving DDKTs to evaluate the timing and efficacy of using urinary NGAL, IL-18, and KIM-1 for predicting recovery of graft function and the need for dialysis within 1 wk after transplantation.
RESULTS

Study Cohort
Of 92 DDKT recipients enrolled, one had primary graft failure caused by renal artery occlusion immediately after surgery and was excluded. Baseline characteristics of the remaining 91 recipients and their donors are listed (Table 1) . Dialysis was required in 34 patients. Uremia was the most frequent indication, with hyperkalemia in less than 10%, and none dialyzed exclusively for volume overload. Of those not dialyzed, 33 had SGF and 24 had IGF. There were no clinically suspected or biopsy-confirmed cases of acute rejection (AR) during the 7-d study period.
Novel Biomarkers: Early Function
There was significant separation of median NGAL and IL-18 levels at all time points between the three groups ( Table 2 , means shown in Figure 1 ). At no time point were median KIM-1 values statistically different between groups. Receiveroperating characteristic (ROC) curves showed NGAL and IL-18 on the first postoperative day (POD) were moderately accurate in predicting dialysis, whereas KIM-1 was not ( Figure  2 ; Table 3 ). There were no significant changes in areas under the curve (AUCs) for NGAL, IL-18, or KIM-1 after normalizing for urine creatinine (Ucr, data not shown).
Traditional Markers: Early Function
The absolute and relative fall in Scr on the first POD resulted in AUCs (95% confidence interval [CI]) for dialysis of 0.52 (0.39 to 0.66) and 0.52 (0.39 to 0.65), respectively ( Figure 2 ). Irrespective of diuretic use, UOP Ͻ1 L by the first POD occurred more frequently in the DGF group, with a sensitivity of 0.71 and specificity of 0.75 (Tables 2 and 4) . As a continuous variable, UOP by the first POD had an AUC of 0.83 (0.74 to 0.91). Ucr as a biomarker resulted in the AUCs listed in Table 3 .
Recovery and Follow-Up
Mean Scr was higher throughout the 7-d study period for the upper tertiles of NGAL on the first POD ( Figure 3 A; P Ͻ 0.01). Similarly, mean Scr was higher by the third POD (P ϭ 0.04) in those above versus below the median IL-18 value from the first POD. The upper tertile for NGAL on the first POD corresponded with the highest mean 3-mo Scr (P ϭ 0.04), and the follow-up Scr was higher for those above the median IL-18 value (P ϭ 0.05; Figure 3C ).
Mean Scr was highest and GFR lowest at 3-mo follow-up in those with DGF compared with SGF or IGF ( Table 2) . Tertiles of Scr from the first POD were not associated with mean Scr values at 3-mo follow-up (P ϭ 0.12), nor were tertiles of UOP by the first POD (P ϭ 0.40).
Multivariate and Subgroup Analyses
Logistic regression, using variables from the first POD to predict DGF, showed increased odds ratios (ORs) for elevated NGAL and IL-18 after adjusting for recipient and donor age, cold ischemia time, Scr, and UOP Ͻ1 L. The optimal cut-off points for the two biomarkers were determined by the largest sums of sensitivity and specificity (Table 4) . Elevated NGAL and IL-18 levels yielded adjusted ORs (95% CI) of 5.1 (1.14 to 22.8) and 6.8 (1.42 to 32.2), respectively (Table 5) . Relative risks are also listed given the outcome occurred in more than 10% of the cohort. 21 The stepwise addition of NGAL and IL-18 information to the clinical dialysis prediction model improved its accuracy as seen by the improvement in AUC of the combined model. The net reclassification index (NRI) for the fully combined model was 1.1, suggesting an overall improvement in classification of events and nonevents by 110% after adding both biomarkers (P Ͻ 0.001). 22 There were no significant differences in biomarker levels when stratified by DGF/non-DGF status for the following subgroups: recipient or donor race, ECD/DCD kidneys versus standard-criteria kidneys, head trauma as donor cause of death versus all other causes, and more than four HLA mismatches versus no more than four mismatches (not shown). NGAL levels on the first POD were higher in non-DGF recipients who received thymoglobulin induction (n ϭ 30) compared with basiliximab (n ϭ 27; 483.5 Ϯ 762.4 versus 144.9 Ϯ 186.4 ng/ml; P ϭ 0.03) but were no different in recipients with DGF. No other biomarker differences were noted between induction regimens. There were no differences between biomarker levels in DGF patients who received one versus more than one dialysis session (data not shown).
DISCUSSION
These findings expand on our previous observations of urinary biomarkers in DGF as defined by the need for dialysis within 1 wk of kidney transplantation. 23 ROC analysis showed NGAL and IL-18 performed better than the absolute or relative change in Scr, which are arguably the most widely used methods for detecting DGF in current clinical practice. NGAL levels also showed excellent separation at nearly every time point between recipients with DGF, SGF, and IGF. Stratifying by NGAL and IL-18 on the first POD showed lower mean Scr levels several days as well as 3 mo after transplant in the groups with lower biomarker levels. Adding NGAL and IL-18 also significantly improved the risk prediction of the current clinical model for the diagnosis of DGF. Thus, urinary biomarkers on or before the first POD not only predict who will need dialysis within 1 wk but also discriminate between more subtle allograft recovery patterns.
We showed that urinary NGAL and IL-18 are superior to Scr in detecting DGF because of earlier diagnosis. It is noteworthy to acknowledge the biologically plausible role these biomarkers have in the causal mechanisms of IRI. During IRI, the gene for NGAL is significantly upregulated with detectable protein in proliferating cell nuclear antigen-positive tubule cells. 24, 25 As a probable iron transporting protein, NGAL may play a primary role in renal survival and recovery and has been used therapeutically in IRI animal models. 26 IL-18 is a known mediator of inflammation, with studies showing its role in many tissues including lung, heart, bowel, and cartilage. [27] [28] [29] [30] IL-18 is activated by cleavage by caspase-1, and mice deficient in the enzyme are protected from AKI induced by IL-18 injection. 31 Further study showed the neutrophil-independent role that IL-18 has in ischemic AKI. 32 Within the field of AKI biomarker development, NGAL and IL-18 are among the most extensively studied biomarkers to date. 23, [33] [34] [35] [36] [37] [38] UOP on the first POD also reasonably predicted dialysis, but the commonly used cut-off value of Ͻ1 L was not statistically significant in multivariate analysis. UOP on the first POD can be unreliable given the variability in surgery completion times, with timed collections typically Ͻ24 h. UOP includes both graft and native kidney output and may fluctuate with intra-and postoperative diuretics. Notably, urinary biomarker concentrations can vary depending on urinary flow, which could make any biomarker appear useful 39 -41 ; however, neither KIM-1 nor Ucr predicted DGF, which argues against urinary flow as the sole explanation for our results.
Despite its previously shown accuracy in diagnosing AKI because of acute tubular necrosis in other populations, 42, 43 KIM-1 did not perform well in this immediate posttransplantation cohort. KIM-1 is a type-1 transmembrane protein that is normally undetectable in kidney tissue and urine except with renal cell carcinoma and both ischemic and toxic renal injury. [43] [44] [45] Han et al. 42 showed good accuracy for detecting AKI using KIM-1 in a study of 40 pediatric patients undergoing cardiac surgery, with AUCs of about 0.84. In the kidney transplant population, KIM-1 staining intensity in allograft protocol biopsies up to 1 yr after transplant was shown to be very sensitive for tubular injury, occurring in all cases of injury noted by hematoxylin-eosin (H&E) staining and even 28% of biopsies without tubular injury by H&E stain. 46 In addition, a study of 24-h urinary excretion of KIM-1 in patients at a median of 6 yr after transplant showed an AUC of 0.71 for predicting graft loss within 5 yr. 47 Transplantation is a reliable model for IRI, because all transplants have some degree of ischemia caused by procurement, leading to variable levels of injury. Even in patients who did not require dialysis in our cohort, mean KIM-1 levels normalized by Ucr ranged from 1.8 to 4.3 ng/ mg. This is similar to the median normalized KIM-1 level of 3.3 ng/mg reported by Han et al. 42 for 29 patients with AKI after cardiac surgery. Given the apparent sensitivity of KIM-1 for detecting tubular injury, the high levels of KIM-1 seen in the majority of patients immediately after DDKT is understandable. The observed range in KIM-1 levels, however, does not differentiate between ischemic injury resulting in DGF and less severe ischemic injury that does not Values are medians (10th to 90th percentile) or n (percent of total). The total time for UOP by the first POD was typically less than 24 h depending on when surgery was completed.
require dialysis immediately after transplant. Additionally, although the biologic function of KIM-1 is unknown, it could be involved in healing after injury. Thus, high KIM-1 levels after transplant may give mixed messages between the degree of injury and the injury response. The steady improvement in mean 1-to 3-yr graft survival attributable to modern immunosuppressive regimens has leveled off over the past decade. 48 This is despite significant improvements in AR rates, which are associated with diminished allograft function and survival. 49 As the most common cause of DGF, IRI may be involved in this plateau. IRI is a known risk factor for AR, a likely primer of chronic recipient-immunologic response, and a cause of diminished nephron mass leading to hyperfiltration. 2, 50 Effective treatments for IRI could reduce the consequences of early graft injury and have the potential to increase long-term graft survival. The importance of biomarker development is clearly seen in this setting because it is a prerequisite step for assessment (as surrogate outcomes) and ultimate utilization of future treatment strategies.
The value of these findings is both a clarification of the definition of DGF and an improvement in early, clinical recognition of kidney injury. Early graft function is the result of a complex interplay between variables related to the recipient, donor, and transplant procedure itself. We cannot reliably predict the course of allograft function after DDKT given these complexities. Nonetheless, few would argue the significant role that IRI plays in the immediate post-transplant course, although many factors certainly contribute. Data from this study showed that urinary biomarkers detect the extent of IRI in the kidney, evident by increasing levels of NGAL and IL-18 across the spectrum of IGF, SGF, and DGF. By measuring biomarkers on the first POD, clinicians could quantify the severity of allograft injury sustained during transplantation, estimate time to recovery, and consider less nephrotoxic immunosuppressive regimens while awaiting later recovery. Furthermore, the appropriate intensity of outpatient follow-up could be indicated CLINICAL RESEARCH www.jasn.org by degree of initial allograft injury rather than blanket protocol follow-up. For example, degree of injury, determined by postoperative NGAL levels, could guide protocol-transplant-biopsy decisions in addition to the frequency of early follow-up visits.
A prospective-cohort design and good racial mix, including a large proportion of African-American patients, are the major study strengths. To limit biases, we included DDKT patients from four centers, used a rigorous protocol to prospectively collect urine samples, and performed a retrospective, blinded evaluation of the predetermined biomarkers NGAL, IL-18, and KIM-1. These are the primary components of the proposed PRoBE design for biomarker evaluation as outlined by Pepe et al. 51 The primary limitations are the relatively small sample size, the lack of formal post-transplant dialysis criteria, and the lack of standardized Scr measurements between centers. The latter is less problematic given the fact that our primary endpoint was prediction of dialysis rather than a specific Scr level.
In summary, we showed that urinary NGAL and IL-18 are early, noninvasive, and accurate predictors of the need for dialysis within the first week of kidney transplantation. Further studies are needed to confirm our findings using larger transplant cohorts and perform timed urine collections for absolute biomarker excretion to better understand biomarker variation with induction therapy and other donor and recipient variables. Biomarker validation could be included as an integral part of ongoing intervention trials for DGF. Although animal studies have suggested effective therapies in IRI, human trials of DGF to date have been less promising, likely because of late detection. 52 If biomarker levels in the immediate post-transplant period can be shown to accurately predict duration of injury and longer-term graft function, they could be very useful as surrogate markers. Ultimately, insight into this area of research may provide support for the early detection and stratification of IRI, which will facilitate future DGF/AKI intervention trials. 53 
CONCISE METHODS
The Yale-New Haven Hospital Human Investigation Committee and the institutional review boards of all other participating centers approved this study. We obtained informed consent from patients before enrollment and recruited patients that were at least 18 yr old and who were to receive DDKTs. We excluded patients who had primary graft failure related to surgical/anatomic causes.
We obtained baseline characteristics of donors and recipients and information on organ procurement. Variable definitions were consistent with United Network for Organ Sharing variables. Daily measurements of UOP and Scr began on the day of transplantation and continued for 7 d or until discharge if hospitalized less than 7 d. We collected follow-up Scr at 3 mo to evaluate later recovery. Absolute change in Scr was the post-transplant Scr at 0 h minus the first POD Scr. Relative change in Scr was the absolute change divided by Scr at 0 h. DGF was defined by at least one dialysis session within 7 d of transplant. In those who did not require dialysis, SGF was defined as a creatinine reduction ratio (difference between Scr at 0 h and the Scr on day 7 divided by Scr at 0 h) less than 0.7, and IGF was defined as a ratio greater than or equal to 0.7. 12 Need for dialysis, any potential diagnosis of AR within the first week of transplant, and 3-mo Scr were confirmed with chart review. Decisions regarding induction and immunosuppressive therapy, transplant biopsy, and use of dialysis were all made by the clinicians at each institution.
Sample Collection/Laboratory Measurements
We collected 10 ml of urine, every 6 h, immediately after surgery for a total of four samples. We collected urine samples on the first and second PODs. We centrifuged samples at 5000 ϫ g to remove cellular debris, aliquoted supernatants into 1-ml cryovials, labeled each with a random computer-generated barcode, and stored samples at Ϫ80°C.
The ELISA for NGAL was performed as previously published. 33 IL-18 was measured using a human IL-18 ELISA kit (Medical and Biologic Laboratories, Nagoya, Japan). 54 KIM-1 was measured using a previously described ELISA method (MaxiSorp; Nunc, Naperville, IL). 43 Ucr was measured by a quantitative colorimetric assay kit (Sigma, St. Louis, MO). Biomarkers were measured by personnel blinded to patient information. The interassay variability for all biomarkers was less than 10%. 
Statistical Analyses
All analyses were two-tailed with a significance level of 0.05. We compared biomarker levels between patients with DGF, SGF, and IGF using both parametric (ANOVA) and nonparametric (Kruskal-Wallis) tests. We performed ROC curve analysis to compare the accuracy of NGAL, IL-18, and KIM-1 at each time point for predicting dialysis. The time point with the largest AUC was selected as the optimal time for measuring that biomarker. We stratified the cohort into tertiles for NGAL, Scr, and UOP on the first POD to compare mean Scr concentrations over the study period between levels. We used t tests to compare mean Scr in those above versus below the median value for IL-18 rather than comparing tertiles because of the number of values below the detectable range for IL-18 on the first POD. We did not stratify by KIM-1 because of a lack of statistically significant differences between groups. We performed logistic regression for associations between biomarkers and the need for dialysis while adjusting for recipient and donor age, cold ischemia time, the first POD Scr, and UOP less than 1 L on the first POD. To these clinical variables, we added NGAL and IL-18 individually and then combined to produce dialysis prediction models, which we compared using AUCs. To assess risk reclassification after the addition of biomarkers, we calculated NRIs using the method suggested by Pencina et al., 22 which gives additional information about risk classification for each model and can help clarify the role played by each new marker. By adding a new marker to the model, a certain number of patients may be reclassified as having the outcome when the old model predicted they would not. The opposite may also be true-some classified by the old model as having the outcome would not be at risk using the model that includes the new marker. These reclassification events are scored and combined to produce an NRI with a specific P value. We also performed secondary analyses to investigate potential differences in biomarker excretion between several important subgroups after stratifying for DGF. Analyses were performed using R 2.8 (http://www. r-project.org).
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